Abstract Capsaicin, the pungent ingredient of chili peppers, displays potent anti-neoplastic activity in a wide array of human cancer cells. The present manuscript examines the signaling pathways underlying the apoptotic activity of capsaicin in human small cell lung cancer (SCLC) in vitro and in vivo. Studies in neuronal cells show that capsaicin exerts its biological activity via the transient receptor potential vanilloid (TRPV) superfamily of cationchannel receptors. The TRPV family is comprised of six members (TRPV1-6). Capsaicin is a known agonist of the TRPV1 receptor. We observed that capsaicin-induced apoptosis in human SCLC cells was mediated via the TRPV receptor family; however it was independent of TRPV1. Surprisingly, the apoptotic activity of capsaicin required the TRPV6 receptor. Depletion of TRPV6 receptor by siRNA methodology abolished the apoptotic activity of capsaicin in SCLC cells. Immunostaining and ELISA showed that TRPV6 receptor was robustly expressed on human SCLC tissues (from patients) and SCLC cell lines but almost absent in normal lung tissues. This correlates with our results that capsaicin induced very little apoptosis in normal lung epithelial cells. The pro-apoptotic activity of capsaicin was mediated by the intracellular calcium and calpain pathway. The treatment of human SCLC cells with capsaicin increased the activity of calpain 1 and 2 by threefold relative to untreated SCLC cells. Such calpain activation, in response to capsaicin, was downstream of the TRPV6 receptor. Taken together, our data provide insights into the mechanism underlying the apoptotic activity of capsaicin in human SCLCs.
Introduction
Small cell lung cancer (SCLC) is a neuroendocrine tumor characterized by early dissemination and rapid metastasis [1] . It represents 13 % of all lung cancer cases and is the most aggressive form of lung cancer, with an overall 5-year survival time of less than 5 % [2] . Such sobering facts define the arena where novel therapeutic interventions are urgently needed to combat this lethal malignancy. Recent studies have shown that dietary compounds by themselves or in combination with standard chemotherapy can suppress the growth of several human cancers [3] [4] [5] . The identification of dietary compounds that can decrease the growth of SCLCs could foster the hope of novel therapies for this disease.
Capsaicin (trans-8-methyl-N-vanillyl-6-noneamide) is the pungent ingredient of chili peppers [6] [7] . Chemoprevention experiments in mice and rats show that capsaicin abrogates carcinogenesis of the skin, colon, lung, tongue and prostate [8] [9] [10] [11] . Recent studies have explored the applications of capsaicin as a potential agent for cancer therapy. Several convergent studies have revealed that capsaicin caused G1/G0 cell cycle arrest in human epidermoid carcinoma, prostate carcinoma, SCLC and breast cancers in both in vitro and in vivo model systems [7, 12] . In addition, high concentrations of capsaicin trigger apoptosis in several types of human cancer cells, including breast cancer and gastric cancer [13, 14] . Similarly, long-term exposure to capsaicin for (36-72 h) also produces robust apoptosis in non-small cell lung cancer (NSCLC), T cell leukemia, esophageal carcinoma, astroglioma, prostate and colon cancer cells in cell culture models [7, 15] . Most importantly, the anti-neoplastic activity of capsaicin was found to be specific towards cancer cells, leaving normal cells relatively unaffected.
The ability of capsaicin to produce a ''heat-sensation'' is mediated by the transient receptor potential vanilloid 1 (TRPV1) receptor which belongs to the transient receptor potential (TRP) superfamily of cation-channel receptors [16] . The TRPV receptor family is comprised of six members (TRPV1-6). Capsaicin is a high affinity agonist of the TRPV1 receptor. The growth-inhibitory activity of capsaicin in human cancer cells involves multiple mechanisms like induction of reactive oxygen species and peroxynitrite, p53 stabilization, inhibition of NADH oxidase activity, ERK, EGFR and HER-2, c-Jun NH 2 -terminal kinase, nuclear factor-jB, activator protein-1, and mitochondrial respiration [7, 15, 16] .
The apoptotic activity of capsaicin in androgen-independent PC-3 prostate cancer cells, gliomas and urothelial cancer cells has been found to be mediated via the TRPV1 receptor [17] [18] [19] . The binding of capsaicin to the TRPV1 receptor induced the stimulation of p38 MAP kinase, which increased mitochondrial permeability and caused downstream activation of caspase-3, leading to cellular apoptosis [18] . In urothelial cancers, capsaicin caused clustering of TRPV1 receptors, stimulating activation of the Fas pathway via ATM kinase [17] . Capsaicin has been found to induce degradation of the Fas associated factor FAF-1, which sensitizes cells to apoptotic cell death. A few studies have addressed the effect of capsaicin on other proteins of the TRPV receptor family. Out of the six members of the TRPV family, capsaicin has been shown to regulate the function of the TRPV6 receptor.
The mechanisms underlying the apoptotic activity of capsaicin in human SCLC have not been investigated. The apoptotic activity of capsaicin was observed in human SCLC cell lines as well as in human SCLC cells xenografted in nude mouse. The pro-apoptotic effects of capsaicin were dependent on the TRPV receptor family but were not dependent on TRPV1. Surprisingly, we observed that capsaicin-induced apoptosis was mediated by TRPV6. The levels of TRPV6 were found to be high in human SCLCs and low in normal lung epithelium. We believe that such difference in expression of TRPV6 could at least, in part explain the specificity of capsaicin for lung cancer cells versus normal lung cells. The apoptotic activity of capsaicin was mediated by the calpain pathway, specifically calpain-1 and calpain-2. When human SCLC cells were treated with capsaicin, we observed an elevation in calpain-1 and calpain-2 activity. The activation of calpain (upon treatment with capsaicin) was downstream of the TRPV6 receptor in human SCLCs. Taken together, our data suggest that capsaicin displays apoptotic activity in human SCLC cells via the TRPV6 and downstream calpain pathway. Furthermore, our data reveal that TRPV6 may be a useful molecular target for therapy of human SCLC.
Materials and methods

Ethics statement
All procedures involving nude mice were conducted according to the Animal Care and Use guidelines in a facility fully accredited by the Association for Assessment and Accreditation of Laboratory Animal Care (AAALAC) International and were approved by the Institutional Animal Care and Use Committee (IACUC) of Joan C. Edwards School of Medicine, Marshall University (protocol #371).
Cell lines and culture
The human SCLC cell lines NCI-H82, NCI-H69 (hereafter referred to as H82 and H69), DMS 53 and DMS 114 were obtained from American Type Culture Collection (Rockville, MD, USA). They were cultured as described in Supplementary Methods. The cell lines were authenticated by the ATCC cell authentication service using short tandem repeat profiling techniques (data not shown).
Primary normal human bronchial epithelial cells (NHBE) and small airway epithelial cells (SAEC) were obtained from Lonza Technologies (Switzerland) and cultured according to the manufacturer's instructions. These cells were authenticated by Lonza and a certificate of analysis was provided. All experiments using NHBEs and SAECs were performed between passages 3-8 [20] .
Measurement of caspase-3 activity DMS 53 human SCLC cells were cultured to 70 % confluence as described above. On the day of the assay, the medium of the cells was changed to Waymouth's medium containing 1 % FBS. Subsequently, cells were treated with the varying concentrations of capsaicin for 36 h at 37°C. Cell Lysates were made using the Caspase-3 Activity Kit (EMD Millipore Corporation, Billerica, MA, USA). An aliquot of the cell lysate containing one hundred micrograms of protein was used for the measurement of caspase-3 activity, according to the manufacturers' protocol. Cells treated with 10 lM cisplatin were used as the positive controls for the assay.
Each sample was measured in duplicate and the whole experiment was performed two independent times. Caspase-3 activity in untreated lysates was considered to be equal to 1, and the activity observed in treated lysates was calculated as fold increase relative to the untreated control sample. The experimental procedure was identical in DMS 114, H69 and H82 cells.
Cleaved PARP ELISA assay
The human SCLC cell line DMS 53 was grown to 70 % confluence in 100 mm tissue culture dishes. On the day of the experiment, the medium of the cells was changed to Waymouth's medium containing 1 % FBS. The cells were treated with the indicated concentration of capsaicin for 36 h at 37°C. Lysates were prepared using the protocol as described above. One hundred micrograms of lysate was used for each sample. The amount of cleaved PARP in each sample was measured by Cleaved PARP ELISA assay (Cell Signaling, Danvers, MA), according to manufacturers' protocol. The absorbance value of control untreated cells was taken as 1, and the absorbance of capsaicintreated cells were graphically represented as fold-increase relative to the control. Cells treated with 10 lM cisplatin were used as the positive control for the ELISA. The protocol was the same for H69, H82 and DMS 114 cells. The experiment was carried out in duplicate and performed two independent times.
Antitumor studies in nude mice
Twenty, four-weeks-old male nude mice were obtained from Charles River Laboratories (Wilmington, MA, USA) and acclimatized for 1 week. They were housed in autoclaved cages with ad libitum access to food and water in HEPA-filtered racks and closely monitored by animal facility staff. DMS 53 cells were harvested and re-suspended in a 1:1 (v/v) solution of serum-free Waymouth's medium and Matrigel matrix (BD Biosciences, San Jose, CA, USA). Two million cells in 100 lL were injected subcutaneously between the scapulae of each mouse [20, 21] . After the tumors reached 100 mm 3 , the mice were randomized into two groups. The control group (N = 10) was fed AIN76A diet with 10 % lipid level (referred to hereafter as control diet). The treatment group (N = 10) was changed to a diet containing 50 mg capsaicin/kg food (which is about 10 mg capsaicin/kg body weight of mouse per day) in the AIN76A diet. Mice were weighed once per week. Their food consumption was monitored daily and their water consumption was monitored once a week. The administration of capsaicin caused no discomfort or weight loss in mice. Additionally, food intake was similar between control and capsaicin-treated mice.
Capsaicin treatment was continued until tumors of the control group reached 1,000 mm 3 . Tumor lengths (l), widths (w) and height (h) were measured daily (6 days a week) for each mouse. Tumor volumes were calculated as (l 9 w 9 h)/2 [22] . After euthanizing the mice, the tumors were excised. Half of the tumor was snap frozen in liquid nitrogen and used to make lysates. Tumor lysates were prepared using T-Per lysis buffer (Pierce Biotechnology, Rockford, IL, USA), according to manufacturer's protocol [20, 23, 24] . The other half of the tumor was fixed in formalin and used for immunohistochemistry. The caspase-3 activity assay was performed with tumor lysates prepared from control mice and capsaicin-treated mice using the caspase-3 activity kit. The results obtained by the caspase-3 activity assay kit were confirmed by cell death ELISA and cleaved PARP ELISA.
Immunohistochemistry
Human SCLC tissue microarray slides containing 70 human SCLC tissues (isolated from patients) with 10 matched normal lung tissues (Array #LC802a; US Biomax, Rockville, MD, USA) were deparaffinized and rehydrated as described previously [20] . The immunostaining was performed using Vectastain ABC Kit (Vector Laboratories, Burlingame, CA, USA) following the manufacturer's protocol. The array was stained with polyclonal TRPV6 antibody (1:25 dilution). The slides were counterstained with hematoxylin, dehydrated, mounted in Permount Mounting Medium (Fisher Biotech) and photographed by phase contrast microscopy (Leica Microsystems, Wetzlar, Germany) at a magnification of 4009. The expression of TRPV6 was quantitated by using the Leica Application Suite Image Analysis software Version 3.4.1.
Transient receptor potential vanilloid (TRPV) receptor ELISA assays
The expression of TRPV6 receptors in human SCLC cell lines and normal lung cells was analyzed by using ELISA Kits (Antibodies Online Inc., Atlanta, GA, USA) according to manufacturer's protocols. Cell lysates were prepared according to instructions provided by the kit. The protein concentration of the lysates was measured by the Bradford Assay. An aliquot of the cell lysate containing one hundred micrograms of protein was used to perform the ELISA. The absorbance obtained in NHBEs was taken to be 1 and the relative expressions of TRPV6 in the other normal lung cells and human SCLCs were calculated as fold-increase over NHBEs. Each of these assays was completed in duplicate, and the whole experiment was performed two independent times for each cell line.
siRNA transfection and assays
The siRNA-transfection experiments were performed in DMS 53 and DMS 114 human SCLC cells [20, 24] . TRPV6 siRNA or control-siRNA (Santa Cruz Biotechnology) were transfected in DMS 53 cells (at 50 % confluence) at a concentration of 75 nM using Oligofectamine reagent (Invitrogen, Carlsbad, CA, USA), according to the manufacturer's protocol [20, 24] . Eighteen hours posttransfection, the cells were incubated in Waymouth's media containing 1 % FBS and treated with 50 lM capsaicin for 36 h. The effect of TRPV6 siRNA on the apoptotic activity of capsaicin was analyzed by the caspase-3 activity kit (Millipore). The results of the caspase-3 activity assay were confirmed by cleaved PARP ELISA. A non-targeting siRNA sequence was used as the controlsiRNA for the transfection experiments [12, 20, 24] . The entire experiment was repeated with a second TRPV6 siRNA (Ambion, Grand Island, NY, USA). Each transfection was performed in duplicate, and the entire assay was performed two independent times. The protocol for transfection was identical in DMS 114 cells.
Western blotting experiments were performed to examine the expression of the TRPV6 after siRNA transfection in all the SCLC cell lines [12] . GAPDH was used as the loading control and the results of the western blotting assays were quantitated by ImageJ 1.46p. The efficiency of TRPV6 siRNA transfection was also verified by the TRPV6 ELISA kit.
Measurement of calpain activity DMS 53 or DMS 114 human SCLC cells were treated with 50 lM capsaicin (for 36 h) in Waymouth's medium containing 1 % FBS. Subsequently, cells were harvested and washed twice with PBS. Cell lysates were prepared using the assay buffer provided in the Sensolyte 520 Calpain Activity Assay Kit. An aliquot of the cell lysate containing two hundred micrograms of protein was used for each reaction. The samples were incubated with 50 ll of calpain substrate for 60 min at 37°C [25] . The rest of the assay was performed according to manufacturer's instructions.
The fluorescence intensity was measured using a Biotek Synergy2 spectrofluorometer (Biotek Instruments, Winooski, VT, USA) at excitation and emission wavelengths of 490 and 520 nm, respectively. Each sample was measured in duplicate and the whole experiment was performed two independent times. Calpain activity in untreated lysates was considered to be equal to 1, and the activity observed in treated lysates was calculated as fold increase relative to the untreated control sample.
Tumor lysates were prepared using T-Per lysis buffer (Pierce Biotechnology), according to manufacturer's protocol [20, 24] . Lysate containing 200 lg of protein was used for each calpain assay reaction.
Statistical analysis
All data was plotted using GraphPad Prism 5 Software, Inc (La Jolla, CA, USA), and results were represented as the mean ± standard error of the mean (SEM). Results from the control and treated samples were compared using an analysis of variance followed by a Neumann-Keuls multiple comparison test. All analyses were completed using a 95 % confidence interval. Data was considered significant when p \ 0.05.
Results
Capsaicin causes greater apoptosis in human SCLC cell lines than in normal lung cells Caspase-3 activity assays revealed that capsaicin caused programmed cell death in H69 human SCLC cells at 36 h. Capsaicin-induced apoptosis was observed to be maximal at 50 lM and remained relatively constant thereafter (Fig. 1a) . Next, we measured the time-kinetics of capsaicin-induced apoptosis in H69 cells. We found that capsaicin caused increased cell death at 24 h but apoptosis was maximal at approximately 36 h (Fig. 1b) . Therefore, we used 50 lM capsaicin and a time point of 36 h for all our experiments. The apoptotic activity of capsaicin was also observed in three additional human SCLC cell lines, DMS 114, DMS 53 and H82 (Fig. 1c) . The results obtained in the caspase-3 activity assay were verified by the TUNEL assay, and similar results were obtained ( Supplementary  Fig. 1a) . The pro-apoptotic activity of capsaicin was also measured by a Cell Death ELISA kit ( Supplementary  Fig. 1c ) and a PARP Cleavage ELISA kit ( Supplementary  Fig. 1e ). The results obtained by all the four apoptosis assays were similar.
Next, we wanted to examine the apoptotic activity of capsaicin in normal lung cells. We observed that capsaicin demonstrated meager to no apoptotic activity in normal human SAEC and NHBE (Fig. 1d) . These results were confirmed using a TUNEL assay, and similar results were obtained ( Supplementary Fig. 1b) . We also measured the apoptotic activity of capsaicin in normal lung cells using a Cell Death ELISA kit ( Supplementary Fig. 1d ) and the PARP Cleavage ELISA kit (Supplementary Fig. 1f) . Our results from all four apoptosis assays showed that capsaicin-induced apoptosis was specific for SCLC cells but did not affect normal lung cells.
Capsaicin suppressed the growth of DMS 53 human SCLC in vivo
The anti-neoplastic activity of capsaicin was measured in vivo using a nude mouse model [12, 20] . DMS 53 human SCLC cells were injected between the scapulae of nude mice. The tumors were allowed to grow until approximately 100 mm 3 , after which they were randomized into two groups of ten mice each. The control group was administered AIN-76A diet with 10 % lipid level (control diet). The treatment group was administered 50 mg capsaicin/kg food. We observed that that the dietary administration of capsaicin decreased the tumor growth rate of DMS 53 human SCLC tumors xenografts in nude mice (Fig. 2a) . The administration of 50 mg capsaicin/kg food in the diet was well tolerated and caused no apparent discomfort or weight loss in mice. Additionally, food intake and water consumption was similar between both groups ( Supplementary Fig. 2a ). Caspase-3 activity assays indicate that DMS 53 tumor lysates from capsaicin-treated mice displayed about 2-3-fold greater apoptosis relative to control mice (Fig. 2b) . These results were confirmed by the Cell Death ELISA (Supplementary Fig. 2b ) and Cleaved PARP ELISA experiments and similar results were obtained ( Supplementary Fig. 2c ).
Hemotoxylin and Eosin (H and E) staining of the tumors revealed the presence of apoptotic bodies in capsaicintreated DMS 53 tumors (Fig. 2c) isolated from nude mice. HPLC analysis [26] indicates that capsaicin was detected in the SCLC tumors of athymic mice fed with capsaicin- Caspase-3 activity in untreated lysates was considered to be equal to 1, and the activity observed in treated lysates was calculated as fold increase relative to the untreated control sample. Data represent mean ± SEM from two independent experiments. Results indicated by a different letter are significantly different (p \ 0.05) containing food. No capsaicin was found in the tumors of mice fed with control AIN-76A diet (Fig. 2d) .
Capsaicin induces apoptosis in human SCLC cells via TRPV6
The subsequent experiments aimed to investigate the molecular mechanisms underlying the apoptotic activity of capsaicin. The biological activity of capsaicin is mediated by TRPV receptors [27] . The treatment of DMS 53 and DMS 114 human SCLC cells with Ruthenium Red, a generalized TRPV antagonist [16] , abrogated the apoptotic activity of capsaicin, indicating that TRPV receptors are involved in the pro-apoptotic effects of apoptosis (Supplementary Fig. 3a) . Capsaicin is a ligand for the TRPV1 receptor. We wanted to examine the role of TRPV1 in capsaicin-induced apoptosis. Specific chemical inhibitors of TRPV1, namely capsazepine and SB366791, did not affect the apoptotic activity of capsaicin in DMS 53 and DMS 114 human SCLC cells ( Supplementary Fig. 3b, c) . These results suggested that the apoptotic activity of capsaicin did not require TRPV1. We confirmed these results with a second apoptosis assay namely the TUNEL assay and analogous results were obtained (data not shown).
Out of the entire TRPV receptor family, capsaicin only regulates TRPV1 and TRPV6 [13] . Therefore, we conjectured that TRPV6 may be responsible for the apoptotic effects of capsaicin. Studies performed in other experimental systems have revealed that capsaicin can regulate the bioactivity of the TRPV6. Therefore, we decided to examine whether capsaicin-induced apoptosis was mediated by TRPV6. As a first step we investigated whether human SCLC cell lines expressed TRPV6. Western blotting showed that TRPV6 was robustly expressed by the four human SCLC cell lines used in the study (Fig. 3a) . These results were confirmed using a TRPV6 ELISA kit (Fig. 3b) . We observed that the normal lung epithelial cells, namely NHBE and SAEC, expressed lower levels of TRPV6 than human SCLC cell lines. These data may, in part, explain the relative selectivity of capsaicin for human SCLC cells over normal lung cells. We wanted to investigate whether such differential expression of TRPV6 also existed in SCLC tissues from patients. We immunostained a TMA slide containing 70 human SCLC tissue with 10 matched normal lung tissues. We observed strong staining for TRPV6 in the human SCLC tissues (Fig. 3d) , whereas very little staining was observed in the matched normal tissues (Fig. 3c) . We quantitated the expression of TRPV6 using image analysis. The level of TRPV6 found in human SCLC tissues was 4-5-fold higher than normal lung epithelial tissue (Fig. 3e) . The role of TRPV6 in capsaicin-induced apoptosis in human SCLC cell lines was examined by siRNA methodology. Caspase-3 activity assays revealed that the transfection of TRPV6 siRNA (referred to as TRPV6 siRNA 1) reversed the apoptotic activity of capsaicin in DMS 53 and DMS 114 human SCLC cells. The siRNA transfection experiments were repeated using a second independent TRPV6 siRNA (referred to as TRPV6 siRNA 2 obtained from Ambion, Inc.) and similar results were observed Fig. 4 Capsaicin-induced apoptosis is mediated by the TRPV6 pathway. a Depletion of TRPV6 by siRNA methodology reversed the apoptotic activity of capsaicin in DMS 53 and DMS 114 human SCLCs. TRPV6 siRNA 1 (Santa Cruz Biotechnology) and TRPV6 siRNA 2 (Ambion Inc.) represent two independent TRPV6 siRNA used in the assay. Apoptosis was measured by the caspase-3 activity assay. No effect on capsaicin-induced apoptosis was observed when the cells were transfected by a non-targeting control-siRNA. b The transfection of TRPV6 siRNA did not cause any apoptosis in untreated DMS 53 and DMS 114 human SCLC cells. The caspase-3 activity of untreated cells was considered to be equal to 1, and the caspase-3 activity of the other samples were as fold-increase relative to the control. c Cleaved PARP ELISA experiments demonstrate that transfection of TRPV6 siRNA 1 ablated the apoptotic effects of capsaicin in human SCLCs. The experiment was repeated with a second independent TRPV6 siRNA (referred to as TRPV6 siRNA 2) and similar results were obtained. No effect on capsaicin-induced apoptosis was observed when the cells were transfected by a nontargeting control-siRNA. d Both the TRPV6 siRNAs did not induce apoptosis (as measured by cleaved PARP ELISA experiments) in untreated DMS 53 and DMS 114 human SCLC cells. The absorbance of untransfected cell lysates was considered to be equal to 1, and the absorbance values in all other samples were calculated as foldincrease relative to the control. Each sample was measured in duplicate. The entire experiment was done two independent times. Data represent mean ± SEM. Results indicated by a different letter or an asterisk are significantly different (p \ 0.05) (Fig. 4a) . The transfection of a control non-targeting siRNA did not have any impact on capsaicin-induced apoptosis in human SCLC cells (Fig. 4a , third set of bars from the left). Furthermore, both sets of TRPV6 siRNA do not induce any apoptosis in untreated DMS 53 and DMS 114 cells (Fig. 4b) . Similarly, cleaved PARP ELISA assays revealed that the transfection of TRPV6 siRNA ablated the apoptotic effects of capsaicin (Fig. 4c) . Cleaved PARP ELISA assays also reveal that both TRPV6 siRNA 1 and TRPV6 siRNA 2 did not cause apoptosis in untreated DMS 53 and DMS 114 human SCLC cells (Fig. 4d) .
The effects of both TRPV6 siRNAs on capsaicininduced apoptosis were also confirmed by the TUNEL assay ( Supplementary Fig. 4a, b) and analogous results were obtained. Western blotting experiments and TRPV6-ELISA assays confirmed that both the sets of TRPV6 siR-NA suppressed the expression of TRPV6 in DMS 53 and DMS 114 human SCLC cells ( Supplementary Fig. 5a, b) .
Capsaicin causes calcium-dependent activation of calpain-1 and calpain-2 activity
The role of calcium homeostasis in capsaicin-induced apoptosis was analyzed using the intracellular calcium chelator BAPTA-AM. Figure 5a shows that 10 lM BAP-TA-AM significantly attenuated capsaicin-induced apoptosis in DMS 53 and DMS 114 human SCLC cells, as measured by the caspase-3 activity assay. The inhibitory effects of BAPTA-AM were also confirmed by the TUNEL assay and similar results were obtained ( Supplementary  Fig. 5a ). This suggests that capsaicin is causing apoptosis by elevation of intracellular calcium. In addition, both caspase-3 activity assays (Fig. 5b) and TUNEL assays ( Supplementary Fig. 5b ) revealed that the apoptotic activity of capsaicin was significantly suppressed by the calpain inhibitor calpeptin indicating that the activation of calpains 1 and 2 may be mediating the apoptotic effects of capsaicin.
The effect of capsaicin on total calpain activity was examined in DMS 53 human SCLC cells. We observed that capsaicin increased calpain activity by approximately threefold in DMS 53 and DMS 114 human SCLC cells (Fig. 5c) . Capsaicin-induced calpain activity was reversed by the calcium chelator BAPTA-AM (Fig. 5c) . Capsaicin did not have any effect on the expression levels of calpain 1 or calpain 2 (data not shown). Next we analyzed the relative calpain activity of tumors obtained from the nude mice experiments. We observed that tumors isolated from capsaicin-fed mice displayed higher calpain activity than tumors isolated from control-diet fed mice (Fig. 5d ).
An important question is whether capsaicin induces calpain activity via TRPV6 receptors. The transfection of TRPV6 siRNA (referred to as TRPV6 siRNA 1) suppressed capsaicin-induced calpain activation in DMS 53 cells (Fig. 6a) . The siRNA transfection experiments were repeated using a second independent TRPV6 siRNA (referred to TRPV6 siRNA 2, Ambion Inc.) and similar results were obtained. In contrast, capsaicin-induced calpain activity was unaffected by the non-targeting control-siRNA. Similarly both sets of TRPV6 siRNA did not have any influence on the basal calpain activity of untreated DMS 53 and DMS 114 cells (Fig. 6b) . Western Blotting and TRPV6-ELISA experiments revealed that both the TRPV6 siRNA caused a robust decrease in TRPV6 expression in DMS 114 and DMS 53 cells ( Supplementary Fig. 6a, b) . Taken together, capsaicin induced apoptosis in human SCLC cells via TRPV6 receptors and downstream activation of calpain family of proteins.
Discussion
The TRPV receptor family is comprised of six members, TRPV1-6 [28, 29] . The apoptotic activity of capsaicin was independent of the TRPV1 receptor and mediated by the TRPV6 receptor in human SCLCs. When we observed that the pro-apoptotic activity of capsaicin is independent of TRPV1 (however mediated by the TRPV family), we began to look for other TRPV proteins which could play a role in this process. We chose TRPV6 for several reasons. Previous studies indicate that the TRPV6 receptor is directly involved in the survival of human prostate cancer cells [28] . Experiments in transfected cells, gastric cancer and prostate cancer cells have revealed TRPV6 to be one of the direct cellular targets of capsaicin activity [13, 28] . In addition, capsaicin was found to cause apoptosis in human gastric cancer cells via the TRPV6 pathway [13] . We conjectured that perhaps TRPV6 was involved in capsaicin-induced apoptosis of human SCLC cells.
The TRPV6 is one of the most calcium selective ion channel in the TRPV family. Its main function is to regulate calcium transport, reabsorption and homeostasis in epithelial tissues [30, 31] . Recent studies have shown that the TRPV6 receptor is also over-expressed in carcinomas of ovary, breast, colon, prostate and thyroid [28, [32] [33] [34] . Our results show that the expression of TRPV6 in normal lung cells was substantially lower than in human SCLC cell lines and tissues from patients. Such differential expression of TRPV6 between normal and neoplastic cells could form the basis of novel therapeutic interventions in human SCLCs.
Although, the TRPV6 is a ligand-independent cation channel, its expression and function are tightly regulated by diverse signaling proteins such as G-protein coupled receptors, androgen receptor, calmodulin, tyrosine kinases like Src and protein phosphastases like PP2 [30, 31, 35] . In addition, several nutritional compounds have been shown to influence the activity of TRPV6. These include curcumin, vitamin D, beta-ionone, fatty acids and capsaicin [28, 36] . Capsaicin increases TRPV6 expression in human gastric and prostate cancer cells, and this could potentially lead to excessive increase of intracellular calcium [13, 15, 34, 37] and trigger apoptosis. In contrast, in Cui et al. [38] high concentrations of capsaicin (250 lM) blocked the influx of calcium ions in TRPV6-transfected Jurkat cells. Such differences may be ascribed to the fact that the studies of Cui et al. [38] were performed on overexpressed TRPV6, whereas the studies involving gastric cancer cells were performed on endogenous TRPV6. Recent observations by Spehr et al. [35] have shown that overexpression of TRPV6 leads to constitutively active calcium-channels whereas endogenous TRPV6 is not constitutively active. Our results provide yet another scenario where capsaicin regulates the endogenous TRPV6 pathway to induce apoptosis in human SCLCs. An interesting question emerges from these results; how is capsaicin contacting the TRPV6 receptors in human cancer cells? Very little is known about the effect of dietary components (like capsaicin) on upstream signaling events involving the TRPV6 receptor. Our future experiments will endeavor to delineate the upstream biochemical mechanisms by which capsaicin regulates the TRPV6 receptor in normal and malignant cells.
The apoptotic activity of capsaicin was found to be dependent on intracellular calcium and the calpain pathway [7, 15] . The calpains are a family of calcium-dependent intracellular cysteine proteases, which regulate multiple cellular processes like cell division, differentiation, migration and apoptosis [39] . Nutritional compounds like flavonoids and tea polyphenols have been shown to activate the calpain pathway to execute apoptosis in human cancer cells [7, 15, 25, 40, 41] . Our data shows for the first time that capsaicin-induced activation of calpain activity occurs downstream of the TRPV6 receptor in human SCLCs. The TRPV1 receptor is known to cause calpain activation [42] [43] [44] , however no link has been reported between TRPV6 and the calpain pathway. Taken together, our results suggest that dietary compounds (or small molecules) target the TRPV6 receptor may be useful for the management and therapy of human SCLC.
